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Abstract
Iron (Fe) is ubiquitous in forest ecosystems and its cycle is thought to influence the development of soil, particularly Spodosols (podsolization), and the biogeochemistry of macronutrients such as carbon (C), nitrogen (N), and phosphorus (P), as well as many trace metals. The cycle of Fe in northern hardwood forests remains poorly understood. To address some of these uncertainties, we constructed a biogeochemical budget of Fe for a small catchment at the Ussiri Gu et al. 1994) , sulfur (Drobner et al. 1990; Harrison et al. 1989; Sollins et al. 1988) , phosphorus (Yuan and Lavkulich 1994) and trace metals (Kabata-Pendias and Pendias 1984). Oxidation-reduction ("redox") transformations between ferric (Fe(III)) and ferrous (Fe(II)) iron can affect the mobilization and immobilization of Fe and compounds associated with Fe. The reduction of Fe(III) can significantly increase the concentration of available P that otherwise strongly sorbs to Fe oxide surfaces (Chacon et al. 2006; Peretyazhko and Sposito 2005) . Redox reactions of Fe have also been proposed as a mechanism of abiotic nitrate immobilization in soils (Davidson et al. 2003) .
In many northern ecosystems, soil development (podsolization) is closely coupled with iron cycling. The development of Spodosols involves the mobilization of Fe and Al to lower mineral soil by complexation with organic acids derived from foliar leaching and forest floor decomposition (e.g. Bloomfield 1953; de Coninck 1980; Dahlgren and Ugolini 1989) .
Podsolization is thought to result from the downward transport of organic-metal (Fe and Al) complexes until they co-precipitate or adsorb in the spodic (B) horizon due to decreasing carbonmetal ratios. Decreasing carbon-metal ratios are caused by the further complexation of Fe and Al (McKeague et al. 1978) and/or microbial breakdown of the organic carrier molecules (Boudot et al. 1989; Lundström et al. 2000) .
Redox transformations involving Fe are often important in soils and sediments, especially in the presence of organic matter. Oxidation and reduction of Fe can be mediated by microbes (Weber et al. 2006) as well as by chemical constituents (Singer and Stumm 1970) . Chemical and enhanced biological reduction of Fe has been shown to be mediated by natural organic matter under anoxic laboratory conditions (Chen et al. 2003) . It has been proposed that humic substances can facilitate indirect reduction of Fe(III) by shuttling electrons from humic-reducing microorganisms to iron oxides (Lovley et al. 1996) . Wet Spodosols, or Aquods, show redoximorphic features resulting from Fe reduction due to high water tables and saturated conditions with low dissolved oxygen concentrations (Buol et al. 2003) .
Few input-output budgets of Fe have been constructed for forest ecosystems compared to those for major nutrients. Swanson and Johnson (1980) found that bulk precipitation input of Fe far exceeded output (deep seepage + streamflow) in a forested watershed in the New Jersey Pine
Barrens. Heinrichs and Mayer (1977) reported Fe budgets for a 125-year-old beech forest and an 85-year-old spruce forest in central Germany's Solling hill region. At both sites, bulk precipitation inputs of Fe exceeded deep seepage, indicating net retention of Fe. Fluxes from the humus layer suggested most retention occurs in the forest floor. However, in a 70-year-old spruce forest in southwestern Sweden, leaching of Fe from the A horizon exceeded input from precipitation (Tyler 1981) . Jersak et al. (1995) used mass-balance modeling to quantify specific aspects of long-term Spodosol development, including Fe accumulation or loss. They found a net loss of Fe from two soils, and a small accumulation in a third. At the Hubbard Brook Experimental Forest (HBEF) in New Hampshire, the site of our study, Smith et al. (1986) found that stream output of Fe from a small leachwater catchment only slightly exceeded bulk precipitation input, indicating a small net loss of Fe. Approximately 30% of annual precipitation occurs as snow (Federer et al. 1989 ). The area is generally covered with glacial till derived from local bedrock with a depth ranging from zero along the ridge tops to several meters at the lower elevations (Palmer et al. 2004) . The soils are well-drained Spodosols, mostly Haplorthods (Johnson et al. 2000) , with a well-developed organic horizon (3-15 cm; Likens et al. 1977 ) and underlain by impervious bedrock (Littleton Formation, schist). Higher elevation soils tend to be shallowest and soil depth increases with decreasing elevation (Lawrence et al. 1986 ). ***FIGURE 1***
Methods

Sample Collection
To examine landscape patterns in Watershed 6, soil solution, stream water, throughfall and litterfall samples were collected by elevation zone. Tension-free lysimeters were installed immediately west of Watershed 6 in a low-elevation deciduous stand (600 m), a high-elevation deciduous stand (730 m), and in a coniferous stand (750 m) to collect soil solutions draining the Oa, Bh, and Bs horizons (Figure 1 ). The lysimeters were placed just outside of the Watershed 6 boundary to minimize soil disturbance within the watershed. Three replicate lysimeters are located in each of the three stands. Thirteen additional lysimeters were sampled in Watershed 1.
A detailed description of lysimeter design and installation is provided by Driscoll et al. (1988a) .
Soil water was collected from the lysimeters at approximately monthly intervals (March 2006 -February 2007 . In conjunction with the monthly collection of lysimeter samples, grab samples of stream water were collected from six sites arranged longitudinally in Watershed 6 and five sites in Watershed 1 (Figure 1 Leaf litter was extracted for the determination of total Fe and Fe(II) concentration in leachates according to a method modified from Koseoglu and Acikgoz (1995) . Litter was sorted by species and leaves were cut into small (~2x2 mm) squares using ceramic scissors and placed in 1N hydrochloric acid for 24 h. The leachate was analyzed for total Fe and Fe(II) as described above for the soil solution.
Computational Methods and Sources of Additional Data
Watershed fluxes and landscape patterns were evaluated based on data from Watershed 6 only. Additional data were used in this study from samples collected in Watershed 
This function was modeled using data collected in this study and from data collected between 1990 and 2000 (CE Johnson, unpublished data). Subcatchment Fe fluxes in stream water were calculated using stream flow rates prorated according to subcatchment area. for the non-growing season (Oct. 16-May 14) was assumed to be equal to the portion of bulk precipitation flux occurring during that time period. The throughfall water flux for each event was assumed to be equal to that of precipitation with a subtraction of 11% to correct for canopy interception (Aber and Federer 1992) . Throughfall fluxes from each elevation zone were weighted in the same manner as described for soil solutions to obtain a whole watershed flux. Values from other sources were used to provide a more complete Fe budget for Hubbard Brook. In particular, bulk precipitation input of Fe was reported by Smith et al. (1986) and updated to include more recent monitoring data. Petras (1996) estimated Fe fractions for soil horizons and soil pools at Hubbard Brook based on data from soil pits in Watershed 5.
One-way and two-way analyses of variance (ANOVA) were performed to determine whether differences and patterns for data groupings (e.g. soil horizons, elevational vegetation zones, seasons) were statistically significant. Paired t-tests were conducted to test for significant differences in soil water solute concentrations between specific seasons. Linear regressions were performed to analyze the correlation between data variables.
Results
Chemistry of Inputs to the Forest Floor: Throughfall and Litterfall
The volume-weighted average concentration of total dissolved Fe in throughfall in W6 Readily leachable Fe represented 23% of the total Fe content on average between the three species. Just over half of the readily leachable total Fe was in the reduced form (Fe(II)) for each of the three tree species (sugar maple = 53%, yellow birch = 53%, American beech = 61%).
Chemistry of Drainage Waters: Soil Solution and Stream Water Patterns in the Soil Profile
In soil solutions of Watershed 6 and Watershed 1, Fe(II), Fe(III), DOC, and hydrogen ion all showed decreasing concentrations with increasing depth in the soil profile ( Table 2) 
Elevational Patterns
Marked elevational landscape patterns were evident in the concentrations of dissolved Fe species, DOC and pH in soil solutions (Table 2) 
Relation of Iron Chemistry to Dissolved Organic Carbon and pH
Patterns in the concentration of dissolved Fe species was highly correlated with DOC and Precipitation passes through the forest canopy and is deposited on the forest floor as throughfall. The concentration of elements in throughfall compared to precipitation is determined by a series of complex processes, including incident wet deposition, evaporation, washoff of deposits in the canopy, foliar leaching, and uptake or sorption by foliage or epiphytic biota (Parker 1983) . The flux of Fe in throughfall was 4.4 mol ha -1 yr -1 , about 25% higher than the flux in bulk precipitation. While the processes affecting throughfall Fe flux are complex, this difference suggests that washoff of dry deposition or foliar leaching are contributing to increased Fe as precipitation passes through the canopy.
Leaf litterfall is an important input of Fe to the forest floor. Unlike throughfall, litterfall represents Fe cycled through the ecosystem from root uptake. In the intrasystem cycle of forest ecosystems, litterfall is the dominant pathway for the return of nutrients to the soil (Schlesinger 1997 Gosz et al. (1972) for leaf litterfall at the HBEF. This difference in Fe concentration could be the result of interannual variation or indicative of accretion in senescing leaves. Killingbeck (1985) observed chinquapin oak in a gallery forest in Kansas resorbed 35% of its foliar Fe: however, he also observed that hackberry and red elm had significant accretion of Fe, while green ash and bur oak had neither significant resorption nor accretion. Tyler (2005) showed that most mineral elements, including Fe, increased in dry weight concentration during leaf senescence in European beech trees. For calculation and comparison purposes, we assumed that little change in foliar Fe content occurred during senescence.
The Fe concentrations measured in foliage for this study were similar across the species sampled (Table 1) . There was no elevational pattern (p = 0.30) in Fe concentration for the major hardwood species. However, the lowest concentrations of Fe in foliage were found in the samples from conifers at the upper-elevation spruce-fir-birch site. Additionally, because conifer litterfall mass is lower than for deciduous forest (Fahey et al. 2005) , we can infer that flux rates of Fe to soil from leaf litterfall are higher in the hardwood zones at Hubbard Brook.
Leaching of Fe(II) and Fe(III) from Leaf Litter
Following litterfall, some Fe from leaves can be leached and transported to deeper soil with percolating water. While autumnal litterfall represents a pulse flux of Fe to the forest floor, leaching from litter in the forest floor is a continual process of Fe transfer from the forest floor to the underlying soil horizons (Jones et al. 1994 (Chaney et al. 1972) . Consequently, it is not surprising to find large amounts of ferrous iron in vegetation. Within leaves Fe is a component of numerous enzymes and undergoes oxidation and reduction during the course of electron transport (Nason and McElroy 1963) . This role may explain the nearly equal distribution between Fe(II) and Fe(III) in the leaf litter leachate.
Chemistry of Drainage Waters: Soil Solution and Stream Water
The (Table 3 ). These data show that organically bound
Fe pools increased with depth in the soil profile. Additionally, there was a large increase in the percentage of total Fe in organically bound forms from the E horizon to the Bh horizon (11.3% to 64.0%, Table 3 The concentration of each solute was highest at the highest sampling locations (spruce-fir-birch zone) and decreased with decreasing elevation. Dissolved Fe concentrations were highly dependent on DOC concentrations. In the spruce-fir-birch zone, DOC concentrations were highest in part because of the recalcitrant nature of coniferous litter, cooler temperatures and greater soil moisture, which lead to reduced decomposition rates at higher elevation (Driscoll et al. 1988a) . There is greater accumulation of organic matter with increasing elevation at Hubbard Brook, with the greatest amounts in the spruce-fir-birch zone (Gosz et al. 1976; Johnson et al. 2000) . The depth of mineral soil is lowest in the spruce-fir-birch zone (Lawrence et al., 1986; Johnson et al., 2000) and consequently, there are a limited number of adsorption sites to facilitate the immobilization of DOC (and DOC-metal complexes) draining through the soil profile to stream waters (McDowell and Wood 1984; Fuller et al. 1985) . The solubility of Fe was also greater in drainage waters of the spruce-fir-birch zone, due to lower pH and higher concentrations of organic acids (Driscoll et al. 1988b ). The increase of soil solution and stream pH within the lower hardwood zone corresponds to an increase of base cation inputs due to percolation of soil water through deeper mineral soils at lower elevations, where neutralization occurs via weathering and cation exchange (and declining concentrations of DOC) (Johnson et al. 1981 ).
The seasonal patterns of Fe and DOC concentrations were most clearly expressed in the soil solution draining the Oa horizon. The highest Fe(II) and DOC concentrations were found during the summer and fall months, with lower values during the winter and spring. The observed seasonal pattern is likely due to enhanced decomposition of organic matter (and therefore DOC production) associated with higher temperatures and greater microbial activity during the summer months, as well as the inputs of fresh litter during the fall (Campbell et al. 2000; Dittman et al. 2007 ). The Fe(II) in soil solution likely exists as organic-Fe complexes and therefore would follow a similar seasonal pattern to DOC.
The patterns were less evident and not statistically significant in the mineral soil horizons perhaps because of the capacity of the mineral soil to "buffer" the concentration of DOC (McDowell and Wood 1984) . The adsorption of DOC to mineral compounds modulates the concentration of solution transported through the deeper soil. The concentrations of Fe species in stream water were relatively low throughout the year and the lower reaches showed no discernable seasonal patterns, likely for the same reasons as mentioned above with regard to the mineral soil. The stream water chemistry from the upper reaches of the watershed exhibited a seasonal pattern similar to the soil solution in the spruce-fir-birch zone. These seasonal patterns support the contention that stream water in the upper elevation sites is derived from shallow flowpaths (Lawrence et al. 1986 ).
Relation of Iron Chemistry to Dissolved Organic Carbon, pH, and Dissolved Oxygen
The Fe(II) would be expected to be several orders of magnitude higher, as in wetland pore waters (Thompson et al. 2009 Additionally, oxygen depletion associated with elevated groundwater would need to coincide with conditions of high microbial activity, including warm temperatures and availability of labile carbon sources. Rochette and Cleary (2004) found evidence for Fe reduction in a New
Hampshire Aquod (wet Spodosol) that was seasonally saturated (during the spring). It is possible that we underestimate the importance of Fe reduction due to the monthly sampling design.
The concentration of Fe species appears to be much more strongly influenced by DOC concentrations than by dissolved oxygen concentrations, suggesting that Fe(II) is stabilized in solution and is resistant to oxidation. The most likely mechanism for this pattern is stabilization as an organic-Fe(II) complex. Kieber et al. (2001) found that Fe(II) accounted for more than 80%
of total dissolved Fe in rainwater collected in coastal areas of North Carolina and New Zealand.
They suggested organic ligands stabilized Fe(II) against oxidation and found that this effect was eliminated when organic molecules were degraded upon exposure to high-intensity ultraviolet (UV) radiation. Willey et al. (2008) found a class of Fe(II)-binding ligands comparable in strength to the ferrozine complex in the hydrophobic fraction of dissolved organic matter of rainwater. These compounds stabilized Fe(II) in highly oxidizing marine surface waters for more than 4 hr. It seems likely that organic complexes in Hubbard Brook drainage waters can stabilize Fe(II), greatly attenuating oxidation kinetics.
Ecosystem Fluxes
Mass balance calculations for Fe at Hubbard Brook showed that the forest ecosystem exhibited net retention of Fe (stream export of Fe is lower than input from bulk precipitation; 1.8 and 3.5 mol ha -1 yr -1 , respectively). Moreover, Watershed 6 had relatively small fluxes of Fe to the forest floor, higher fluxes draining the forest floor through the soil profile, and lower fluxes again in stream water ( Figure 5 ). Fluxes of Fe(II) and Fe(III) were calculated separately, except for bulk precipitation, throughfall, and total litterfall, for which the distribution between Fe(II) and Fe(III) was not available.
***FIGURE 5***
There was a substantial increase in Fe transport in soil solutions relative to bulk precipitation, throughfall, and litterfall. Bulk precipitation and litterfall fluxes were similarly small (3.5 and 3.4 mol ha -1 yr -1 , respectively). Throughfall flux (4.4 mol ha -1 yr -1 ) was only marginally higher than these inputs. Net throughfall flux (total throughfall -bulk precipitation) was 0.9 mol ha -1 yr -1 .
The value for stream export of Fe reported here (1.8 mol ha -1 yr -1 ) is lower than the dissolved Fe flux reported by Smith et al. (1986) (7.3 ± 4 .0 mol ha -1 yr -1 , mean ± standard deviation). Smith et al. (1986) also found that an additional 3.2 ± 2.5 mol ha -1 yr -1 (mean ± standard deviation) of Fe was exported as course particulate matter rather than in dissolved form.
Most of this elevated particulate flux is derived from the stream channel. We did not measure particulate matter for this study, and consequently, our Fe export should be considered an underestimate of total Fe export from the watershed.
The fluxes in soil solution were markedly higher than inputs to the forest floor and decreased with depth in the soil (Oa = 52.5 mol ha -1 yr -1 , Bh = 50.5 mol ha -1 yr -1 , Bs = 19.7 mol ha -1 yr -1 ; Figure 5 ). The fluxes of Fe(II) and Fe(III) through the soil profile (Table 5) were similar to the horizonal patterns observed in Fe concentrations (Table 2) . These fluxes are consistent with podsolization theory, which predicts translocation of Fe from the forest floor to mineral soil. 
Conclusions
Several conclusions can be drawn from this study: were based on Watershed 6 data. Soil pools are from Watershed 5 data (Petras 1996) . 
